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This article describes a technique which can provide frequency doubling, with high
efficiency, while cavity dumping a laser for pulse position M-ary modulation while being
used for an optical communication link. This approach uses a secondary cavity that pro-
vides feedback of the undoubled fundamental light, which is normally lost, into the pri-
mary cavity to be recirculated and frequency doubled. Specific operations of the electro-
optic modulator and frequency-doubling crystal are described along with the overall

modulation scheme and experimental setup.

. Introduction

For deep space communication, optical frequencies provide
many advantages over presently used technologies. Higher data
rates, less power and mass consumption, and smaller beam
divergence are some of the benefits provided by laser commu-
nications. Current link analyses incorporate either a ground-
based station or an Earth-orbiting spacecraft to send to, and
receive optical signals from, the mission spacecraft. Design
considerations require the transmitter on the spacecraft to
consist of a pulse position M-ary (PPM) modulated frequency-
doubled Nd:YAG laser operating at 0.532 um. The anticipated
range of communication rates for deep space is between
20 kbits/sec and 50 Mbits/sec (dependent on the range of the
mission). If we assume M = 256, this corresponds to nominal
laser repetition rates between 2.5 kHz and 6.3 MHz. To achieve
these rates of modulation, Q-switching is utilized at the lower
rates and cavity dumping is utilized for the higher rates. In this
article, a unique design, which efficiently incorporates both
cavity dumping and frequency doubling for deep space optical
communication is described.
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ll. Technical Background

In laser Q-switching, lasing is held off by introducing loss
into the resonator cavity while energy is pumped into and
stored in the atomic population inversion. Once the desired
inversion is attained, cavity losses are reduced to allow lasing.
In this mode, it is possible to attain a single large pulse output
from the laser. The frequency range of Q-switching extends
up to 50-100 kHz [1], with no lower boundary. The upper
repetition rate is limited by the finite time to repump the
inversion in the gain medium of the laser. To extend the fre-
quency further, cavity dumping must be used. In cavity
dumping, energy is stored in the photon field instead of the
atomic inversion. The photon field is generated between two
mirrors of maximum reflectivity. To extract a pulse from the
resonator, the beam is electro-optically or acousto-optically
switched out of the main resonator. Repetition rates achiev-
able with cavity dumping have been demonstrated between
125 kHz and 10 MHz [1]. The lower limit is reached when
the pheton field within the resonator is reduced to one photon
after dumping the field. At this point, the beginning of the



buildup is dependent on the statistical variance of spontane-
ous emission. Hence, if the cavity is dumped of all its energy,
cavity dumping becomes unstable [1]. If the cavity is not
dumped of all its energy, for example by inducing an incom-
plete polarization flip with the electro-optic modulator, this
lower limit can be extended. The upper limit of cavity dump-
ing is limited by the switching time of the modulator. To
extend pulse rates beyond 10 MHz, a mode-locked laser must
be used.

Additionally, frequency doubling of the laser radiation is
often desired for efficient detection at the receiver. The
frequency-doubling conversion efficiency is a function of the
intensity in the nonlinear doubling crystal. As the intensity
increases, the conversion efficiency also increases. Therefore,
to maximize efficiency, intra-cavity doubling is desirable
because photon flux levels are much higher inside the laser
resonator. Techniques for intra-cavity doubling of Q-switched
lasers are well known. However, intra-cavity frequency
doubling/cavity dumping is less desirable since placing a
frequency-doubling crystal in the primary cavity would reduce
the stored energy in the laser resonator. Once the energy is
frequency doubled it can no longer stimulate emission in the
gain medium and, therefore, will not experience gain in the
laser resonator. On the other hand, in external frequency
doubling the fundamental wavelength that is undoubled is lost,
resulting in lower conversion efficiency. Therefore, a scheme
has been conceived that efficiently frequency doubles while
cavity dumping. The doubling crystal is placed outside the
resonator and a third mirror is used to recycle the undoubled
light back into the primary resonator. Since output beam
losses are low in cavity dumping, switching light electro-
optically or acousto-optically out of the primary -cavity
maintains a high-intensity beam, resulting in efficient fre-
quency doubling. The third mirror, M, placed at a right
angle to the primary cavity and used in conjunction with a
polarizing beam splitter (other angles with other types of
polarizing prisms may be used), forms a secondary cavity
with M,, which reflects the undoubled 1.06-um light back
into the primary cavity (see Fig. 1). Care must be taken to
match the spatial modes of both resonators. The following
section describes, in more detail, this technique for semi-
intra-cavity doubling while cavity dumping.

lll. Design Configuration

A unique design has been conceived to incorporate both
cavity dumping and frequency doubling while reusing the
undoubled light. This scheme incorporates an electro-optic
modulator; however, the overall concept can be applied to
cavity dumping with an acousto-optic modulator as well. Two
schematics of the optical design are illustrated in Figs. 1(a) and
(b). As is normal for cavity dumping, a photon field is built

up between two resonator mirrors, M; and M, . As seen in
Figs. 1(a) and (b), a polarizing beam splitter (PBS) is inserted
in the primary optical path to polarize the initial beam hori-
zontally. When the appropriate field has been realized, a
transverse electric field is applied to the electro-optic modu-
lator (EO) to induce a quarter-wave phase retardation to the
beam. A double pass through the electro-optic modulator
creates a half-wave phase shift resulting in a 90-degree rotation
of the polarization which is then reflected by the PBS. Upon
reflection, the beam is directed through a frequency doubler
(FD) and reflected by M;. By utilizing a type-I frequency
doubler,! that portion of the beam that is doubled will be
rotated 90 degrees, resulting in horizontally polarized light
which will be transmitted through the polarizing beam splitter
and coupled out of the resonator. If instead a type-II frequency
doubler is utilized, the doubled portion of the beam is rotated
only 45 degrees. Since part of this beam would be reflected
back into the cavity, a dichroic beam splitter must be used to
efficiently couple out the 0.532-um portion of the beam. In
either case, the undoubled light remains in the vertical polari-
zation and is reflected back into the primary cavity. As long as
an electric field is applied to the electro-optic modulator, this
returned 1.06-um light will be preserved and rotated back to
the original horizontal polarization. When the desired output
pulse width has been attained, typically 10-20 nsec, the
electric field applied to the modulator is switched to zero
allowing the photon field in the original cavity to build up
once again to accommodate a second pulse.

IV. Experimental Setup

A standard 2-watt 1.06-um laser was procured from Gen-
eral Photonics to provide the basic resonator cavity: pump
cavity, Nd:YAG rod, mirror-mounting hardware, and overall
structural support, Modifications to the basic laser design were
necessary to obtain appropriate beam waists and mirror reflec-
tivities within the laser cavity for frequency doubling and
cavity dumping. Since the efficiency of frequency doubling
increases proportionately with the optical intensity, a tightly
focused beam within the doubling crystal is desirable. A sec-
ond design limitation was the aperture size of the electro-
optic modulator. To aid in the determination of the modifi-
cations, a computer program was written to analyze the spatial
mode size within the laser resonator. Mirror curvatures were
optimized until desired beam waists within the cavity were
formed. In Fig. 2, a typical output from the optimizing pro-

IType-l frequency doubling converts two horizontally (or two verti-
cally) polarized photons to one vertically (or one horizontally) polarized
photon. Type-1l frequency doubling converts one vertically and one
horizontally polarized photon to one vertically (or horizontally)
polarized photon.
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gram is shown. The diameter of the spatial mode is plotted
versus the length of the resonator cavity. Labels M, and M,
designate the two mirrors of the primary laser resonator, while
R and EO denote the rod and the electro-optic modulator,
respectively. Between the rod and the front mirror, M,, a
tight focus is formed. Likewise, when the modulator rotates
the field’s polarization causing the beam to be reflected by the
PBS into the secondary cavity formed by M, . the beam will be
tightly focused in the doubling crystal.

To maintain a low half-wave voltage on the electro-optic
modulator, a LiNbO; or LiTaO, crystal is used. These crystals
require lower half-wave voltages than traditionally used crystals
like KDP. The KDP crystal requires half-wave voltages of
approximately 3 kV and is hydroscopic. Both LiNbO; and
LiTaO; are trigonal, 3m-symmetry, non-hydroscopic-class
crystals that require half-wave voltages between 500 and 900
volts, resulting in power consumptions between 0.5 and 2.5
watts. Appendix A describes specific calculations and theory
pertinent to electro-optic modulation with LiNbO; and
LiTaO, crystals.

A crystal of KTiOPO, (KTP) will be used to frequency
double the laser. KTP is a fairly new crystal which exhibits
a very high frequency-doubling efficiency at 1.06 um. Further-
more, KTP is a non-hydroscopic crystal, has a high damage
threshold, and is thermally stable with wide angular and
thermal bandwidths when phase matched in a type-IlI con-
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figuration. These physical properties make KTP one of the
best available materials for frequency doubling [2]. Conver-
sion efficiencies between 30 and 45 percent can be achieved
with KTP. Specific calculations and relevant theory for fre-
quency doubling with KTP are included in Appendix B.

Equipment for the above design has been ordered and
received. However, failures of the commercially procured laser
resulting from a design flaw in that unit have necessitated the
return of the laser to the manufacturer. Upon receipt of the
repaired laser, the dual-cavity design will be reassembled and
tested.

V. Conclusion

In conclusion, a method has been described for efficiently
frequency doubling while cavity dumping a solid-state laser.
Using this technique provides a means for PPM modulating
an optical communications link for deep space exploration at
data rates between 1 Mbit/sec and 80 Mbit/sec (this assumes
nominal laser repetition rates of 126 kHz — 10 MHz with
M =256). Lower data rates, up to approximately 500 kbits/
sec, however, can be achieved by Q-switching the laser. The
region between 500 kbits/sec and 1 Mbit/sec is considered an
unstable region [3]; however, it is believed that by using some
techniques as described above, either Q-switching or cavity
dumping may be used to achieve these data rates for optical
communication.
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diameter of the beam is plotted as a function of the length of the
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Appendix A
Electro-Optic Modulation with LiNbO; and LiTaO; Crystals

The following analysis describes electro-optic modulation
using LiNbQ; and LiTaOQ;. Both LiNbO, and LiTaO, are
trigonal, 3m-symmetry-class crystals. The electro-optic coef-
ficients of a 3m crystal in tensor notation are of the form

22 13

0 r
22 13
0 0 13
0 75 0
Ts, 0 0
-5, 0 0

The specific values of the coefficients for LiTaO; and LiNbO4
at 0.633 um are as given for high-frequency operation 4] :

8.6 X 10712 m/v

~
"

= 34X 10712 m/v

LiNbO,
ry; = 308X 10742 myv
r,, = 28.0X 10712 mjv
r, = 15X 10712 myv
r, =330x 107 m/v
LiTaO
3 _ ~12
r, = -1.0X 107" m/V
ry, = 200X 10712 m/v

These values are dependent on the resonant frequencies of
the crystal and will vary according to pulse rise time, crystal
size, and frequency of operation. Given a specific crystal,
these values must be calculated from the experimentally
determined half-wave voltage. In the presence of an electric
field E(E,, E,, E,) the equation of the index ellipsoid for
the 3m crystal is as follows:
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e

+2(r51 Ex)zx =1 (1)

where 7, denotes the ordinary and #, denotes extraordinary
indices of refraction.

Generally, in electro-optic modulation an electric field is
only applied along one axis of the crystal, so this equation
can be simplified to some extent. Since we are interested in
transverse electro-optic modulation (as opposed to longi-
tudinal electro-optic modulation) to rotate the polarization,
we can eliminate cases where the axis of propagation is
parallel to the electric field. Since highly efficient systems
are needed for deep space optical communications, maxi-
mum phase retardation with the minimum amount of applied
voltage is desirable. By applying an £ field parallel to the
z-axis, maximum phase retardation results with light propa-
gating parallel to the x- or y-axis. Phase retardation for the
case of x-axis propagation is given in Eq. (2) [5].

eV, s 5
r= ~ d (n)ryy-n; r 4) rad (2)
oz

However, when used in this orientation, the indices of
refraction are strongly dependent on temperature [6]. By
applying an E-field parallel to the x- or y-axis, the tempera-
ture dependence can be eliminated for light propagating
parallel to the z-axis. Phase retardation for this case of pro-
pagation, specifically for E.. is given in Eq.(3). This is
typically the orientation used with 3m crystals.

3
D 21er Vxno T2a

rad (3)
>\de

In order to quantitatively compare Eqs. (2) and (3) for
crystals of interest, we solve for the half-wave voltage and
substitute appropriate electro-optic coefficients. The half-wave
voltage is defined as the voltage required to induce a phase
retardation of =. Half-wave voltages for LiNbO, and LiTaO,



are summarized below for the indicated orientations. The
length of the crystal is £ and d is the crystal thickness.

(E field x or y)
propagation z

(£ field z)
propagation x or y

LiNbO, & 1axi0t 4 47065
LiTa0, % 50x 10* % 4005.9

When applying a field paraliel to the x- or y-axis and pro-
pagating light parallel to the z-axis, LiNbO; is the preferred
material to obtain lower required voltages. Even lower
voltages can be obtained, however, by propagating in the x-
or y-direction with an electric field parallel to the z-axis for
both LiNbO, and LiTaO,. In this crystal orientation the
indices of refraction are more dependent on temperature,
and thermally induced birefringence becomes a problem.
This effect can be eliminated for uniform temperature
variations across the crystal by utilizing two crystals with
optic axes rotated 90 degrees. However, any temperature-
induced gradient will be uncorrected by this technique. Since
temperature gradients can result from nonuniformities in the
laser beam or the applied electric field, the advantages of
reduced required voltages are offset by thermally induced
birefringence! Furthermore, it is difficult to obtain good
optical quality LiTaO, with a high damage threshold appro-
priate for intra-cavity modulation. Further investigation is
planned to quantitatively determine thermal birefringent
effects since required voltages are less in the crystal orienta-

. Noricky, private communication, Engineering Manager, Inrad
Corp.

tion with the E-field applied parallel to the x- or y-axes. If
thermal effects can be tolerated and good optical quality can
be obtained, using LiTaO, would further reduce the half-
wave voltage.

For a spacecraft optical communication link, the overall
power consumption of the modulator is important. In order
to calculate this, the modulator can be treated as a capa-
citor. The capacitance, C, may be written as

C =c€e¢

(2]

A
d

where A =electrode area, d = modulator thickness, €, = the
free space permittivity constant, 8.85 pf/m, € = the dielectric
constant. For LiNbO,, € =78.2 The resistance of the modu-
lator is very small and can be neglected. However, the load
resistance due to capacitance must be accounted for. Using

well-known equations, the overall power consumption
can be calculated
_ 1 v
R = QrwC) P = R,

c

For a LiNbO; modulator of dimensions 30 X 2 X 2 mm
(2 X d X d), C=20.7 pf. Using a pulse width of 20 nsec
(w = 50 MHz), R, = 153.8 ohms. For a quarter-wave voltage
of ¥V =433.3 volts, peak power consumption is 1.2 kW.
Assuming an average modulation rate of 100 kHz and a
pulse width as given above, average power consumption is
2.4 watts.

2Tbid.
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Appendix B

Frequency Doubling With KTP Crystals

The following analysis describes frequency doubling with
KTiOPQ, (KTP). KTP is a biaxial orthorhombic crystal of
symmetry class mm2. The nonlinear optical tensor for the
mm?2 crystal is as follows:

0 0 0 d s 0
0 0 0 dyy 0

dy, ds; d33 0 0

where

dig = 540X 10-2 m/V

dy; = 575X 102 m/V

dy, = 443X 10-2 m/V

dyy = 12.12X 10723 m/V

d,; = 673X 10723 m/V

for KTP (including €,) [2]. Multiplying this tensor by the £2
column tensor leads to the following optical polarizations for
KTP

P (Qw) = ”dlsEx(w)b (w)
P(2w) = 2d),E (w)E, (w)
PQw) = dalEj(w)+d32Ey2(w)+daaEz2(w)

By applying various axis rotations, these expressions can be
simplified to an expression of the form

P=dg o) Elw,)

where d_ is an effective nonlinear coefficient obtained from
the axis of rotation of the crystal and & (w, ) and € (w, ) are
the electric fields applied at the respective frequencies.

Since KTP is a biaxial crystal, coordinate axis rotation is
not a trivial problem and has been treated elsewhere [7].
Upon attaining the form of the above equation, Yao and
Fahlen [7] have determined d ¢ 10 be of the following form:
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177X 107% es.u

dogs = 0.974 d,,

6.51 X 10733 m/V

(MKS, where € is included
in the coefficient)

There is some variance in the literature as to the experimen-
tal agreement with this value. Experimental values of d
range between 16.8 X 10-23 m/V [8] and 1.5 X 10-23 m/V
[9]. These discrepancies from the theoretical d,¢, values are
most likely due to varying methods of crystal growth, material
impurities, and phase matching techniques.

Knowing d ¢, the power conversion efficiency can be calcu-
lated with the following equation, assuming a depleted input
source and complete phase matching [10, 11]

p) ) (1
n= ) = tanh TKA(O)Z
where
u w12 w,
K = deff 5 for 2w, = w,
e, nin,

and A, (0) can be derived from the following:

1. [ e 2
2\/:‘“'/‘I

1]
Dﬁlﬁa

where

and w,;, w,, n,, and n, are the frequencies and indices of
refraction at the fundamental and second harmonic, respec-
tively. The length of the crystal is Z, [ is the incident intensity,
P is the incident power, and 4" is the area of the incident beam.

Since the power conversion efficiency is directly propor-
tional to the length of the crystal and the intensity within the
crystal, trade-offs result. As the beam is focused tighter, the



beam diverges faster, resulting in less efficient frequency con-
version at the entrance and exit faces of the crystal. The con-
focal parameter [10], z,, gives guidance as to a reasonable

able conversion efficiency occurs. Therefore, the beam radius
must be greater than

crystal length

where w, = beam waist radius, n = index of refraction, and
A = the fundamental wavelength. As long as ¥ < 2z, , accept-

(1}

(2]

(3]

(4]

(5]

(6}

{71

(8]

[

(10]
(11]

Staying within this criterion, frequency-doubling efficien-
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